The development of an efficient luminescent solar concentrator (LSC), with minimised optical losses, requires careful consideration of its principal constituting materials, a waveguide and a luminophore, in tandem. Here, a series of LSCs are fabricated utilising a poly(fluorene-altphenylene) copolymer containing on-chain perylene diimide (PDI) chromophore units as the luminophore (PBS-PFP-PDI) immobilised within a poly(oxyalkylene)/siloxane organic- 
Introduction
The challenge facing many existing photovoltaic technologies is their inability to harvest all wavelengths of the solar spectrum efficiently, 1 which, for example, restricts the power conversion efficiency of single junction crystalline silicon solar cells to ~32%. 2 To overcome this limitation, considerable interest has emerged in the development of spectral converter materials that transform the high-or low-energy regions of the solar spectrum into wavelengths than can be used more effectively by a given PV device. 3, 4 Spectral converters are attached to the surface of a finished solar cell, where they absorb solar photons and exploit a photoluminescence process (e.g. downshifting, 1 singlet fission, 5, 6 upconversion 7 ) to convert them to more useful energies. Moreover, as no modification to the standard cell architecture or the intrinsic device materials is required, the spectral converter can be tailored towards a specific type of solar cell based on the photophysical properties of the luminescent species used.
Spectral converters can be deployed in a luminescent solar concentrator (LSC) architecture in which the luminophore is either coated on, or doped within, a transparent waveguide slab. 8, 9 Sunlight incident on the slab is absorbed by the luminophore, re-emitted at longer wavelengths, and transported via total internal reflection to the edges of the plate where it is collected by a PV cell. LSCs can capture both direct and diffuse light, and, as the incident surface is larger than the output aperture, they can concentrate light both spatially and spectrally. 10 While historically LSCs were developed as a cheap replacement for large area solar cells, the rapid decline in the cost of PV modules has shifted the impetus for their development to other applications including building-integrated photovoltaics, 8 solar windows 11 and photobioreactors. 12 Despite the relatively simple architecture, the efficiency of an LSC is often restricted due to loss mechanisms associated with both the luminophore and the waveguide.
Luminophore losses include low absorption efficiencies, low emission quantum yields, and reabsorption of emitted photons by neighbouring molecules, particularly at high loading concentrations. 13 Reabsorption losses can be minimised by using luminophores with a large Stokes' shift (e.g. quantum dots [14] [15] [16] [17] or by using distinct absorbing and emitting chromophores, localised either on the same molecule [18] [19] [20] or different chemical species. 21, 22 In such multichromophoric systems, Förster resonance energy transfer (FRET) facilitates efficient nonradiative energy transfer between the absorbing and emissive species, providing they are electronically coupled through space and within the Förster radius. 23 However, many π-conjugated organic molecules, including the archetypical perylene bisdiimide luminophores used in LSCs, exhibit a tendency to aggregate at the elevated concentrations required to achieve a suitable FRET distance. 24 Aggregation may lead to either partial or complete emission quenching due to preferential relaxation via non-radiative channels. The combination of individual donor and acceptor chromophores within a single molecule may overcome this, but brings with it increased synthetic demands. 25 A complementary approach is to use a photoactive waveguide, which, in addition to totally internally reflecting the emitted photons, can also participate in the FRET process. This strategy necessitates a move away from the conventional materials used in LSCs (e.g.
poly(methacrylate) derivatives, 26 poly(carbonate) 27 ) towards alternative waveguide materials which afford additional functionality and synthetic flexibility. In this context, Camaioni et al.
have investigated biodegradable polymers such as L-poly(lactic acid) (L-PLA) 28 and silk fibroin from the Bombyx mori silkworm. 29 We and others have reported the use of sol-gel processed organic-inorganic hybrid polymer waveguides from the ureasil family in LSCs. [30] [31] [32] [33] Ureasils are comprised of a siliceous skeleton that is chemically grafted to poly(alkylene oxide) chains through urea cross-linkages. In addition to satisfying the primary requirements of the waveguide (large optical window in UV/visible region, refractive index n~1.5), ureasils are intrinsically photoluminescent and can function as active hosts to tune the emission from luminescent dopants such as conjugated polymers, 34, 35 organic dyes 33, 36 and lanthanide complexes 30 through energy transfer. Their facile sol-gel synthesis facilitates the controlled placement of luminophores within the ureasil framework via covalent grafting to the siliceous backbone, which can be used to both inhibit aggregation 36 and/or promote specific packing.
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In this work, we investigate LSCs based on ureasil waveguides doped with a fluorenephenylene conjugated polyelectrolyte (CPE), poly{1,4-phenylene-[9,9-bis(4-phenoxybutylsulfonate)]fluorene-2,7-diyl}-based copolymer (PBS-PFP), functionalised with on-chain perylenediimide (PDI) moieties (PBS-PFP-PDI) (Fig. 1) . Recently, we have shown that the incorporation of PBS-PFP into a di-ureasil host results in a dramatic increase in the photoluminescence quantum yield in the solid-state due to a synergistic electronic interaction between the photoactive host and the conjugated polyelectrolyte. 34 We postulated that the related PBS-PFP-PDI luminophore may also exhibit this effect, whilst simultaneously offering the possibility for both on-chain intramolecular energy transfer between the PBS-PFP donor and the PDI acceptor 38 and interspecies energy transfer between the ureasil donor and the PBS-PFP and/or PDI acceptor chromophores, all of which have the potential to reduce undesirable re-absorption effects and extend the light-harvesting window of the final LSC. Here, we examine both di-and tri-podal ureasil waveguides ( Fig. 1) as active hosts and the probe the influence of the local structural environment of the PBS-PFP-PDI luminophore on the steadystate photoluminescence and energy transfer kinetics. The optical conversion efficiencies of the resultant LSCs were evaluated with a view to understanding the key materials design parameters which determine the performance of this system.
Experimental Materials
The fluorene-phenylene poly{1,4-phenylene-[9,9-bis(4-phenoxy-butylsulfonate)]fluorene-2,7-diyl} copolymer (PBS-PFP) and PBS-PFP functionalised with on chain perylenediimine (PDI) units (PBS-PFP-PDI) were synthesised as previously described and the associated characterisation data for this batch of the polymer can be found in the literature. 38, 39 The M w determined by gel permeation chromatography (GPC) (NMP/LiBr, UV detection 360 nm) was 2100 g mol −1 (M w /M n = 1.61). However, we note that GPC typically underestimates the M w of conjugated polyelectrolytes due to polar interactions between the ionic side-chains with the column material (as can be seen by the cutoff of the dialysis membrane at 3500 g mol -1 ). 39, 40 Based on the monomer/PDI ratio in the starting reaction mixture, the copolymer is expected to contain on average 5% PDI units. However, single molecule wide-field imaging studies indicate that the average incorporation of the PDI chromophore is lower (1-2% 
Synthesis of di-and tri-ureasil organic-inorganic hybrids
Ureasil hybrids were prepared using a procedure previously reported in literature. 36, 41 In brief, Jeffamine (4.4 mmol) was dissolved in THF (12.5 mL) and ICPTES was added in a 1:2 and 1:3 molar ratio for Jeffamine ED-600 and Jeffamine T-403, respectively. Each mixture was then refluxed at 70 °C for 24 h, before cooling to room temperature (RT µL of a 1 mg mL -1 solution in water/1,4-dioxane (1:1 v/v)) to d-UPTES (7.04 mmol). For both samples, the gelation reaction and the ageing process were carried out using the same quantities and procedures reported above.
Optical Efficiency Measurements
The optical efficiency of the LSCs was determined under illumination with a Class ABB solar simulator (Abet Technologies, Model 10500), equipped with an AM 1.5 filter, using the previously reported procedure. 32 The illumination spot was defined by a black mask with a circular aperture (area = 9.6 cm 2 ). The emission from the four edges of the LSC was collected independently with an INS 125 integrating sphere connected to a spectroradiometer (International Light Technologies ILT950). The data were analysed over a range of 250-1050 nm using Spectralight III software and the manufacturer provided calibration file ILT1007131U1INS125 for optical power measurements. The output of the solar simulator was calibrated to 1 Sun (995 ± 3 Wm −2 ) using a reference Si solar cell from ReRa Technologies.
For improved accuracy in calculating the optical efficiency, the input power i.e. the output of the solar simulator, was also measured using the spectroradiometer set-up, by illuminating the 2 cm diameter input port of the integrating sphere with the collimated light supplied by the solar simulator. This allowed for the power density from the entire collimated beam to be calculated accurately. Using this method, the integrated power of the solar simulator over the exposed area of 9.6 cm 2 is 887.0 mW in the full spectrum range (250-1050 nm).
Results and Discussion

Fabrication of PBS-PFP-PDI-doped LSCs
Doped LSCs were prepared using a sol-gel chemistry route to incorporate PBS-PFP-PDI at different dopant concentrations (wt%) in either a di-or tri-branched organic-inorganic hybrid ureasil waveguide, using a previously reported procedure. 32, 36 In brief, the di-branched polyetheramine, Jeffamine ED-600 or the tri-branched Jeffamine T-403 is first reacted with 3- Figure 2 shows the steady-state optical properties of PBS-PFP-PDI in solution and selected doped and updoped di-and tri-ureasil LSCs in the solid-state. In a good solvent (here, a mixture of water: 1,4-dioxane (1:1 (v/v))), the optical properties of PBS-PFP-PDI are dominated by the contribution of the poly(fluorene-alt-phenylene) backbone, reflecting the low degree of onchain incorporation of the PDI chromophore (~1-2%). 38 The absorption spectrum consists of a broad band centred at 358 nm, typical of poly(fluorene-alt-phenylene), 42 and a weaker band between 450-610 nm, indicative of the presence of PDI. The contribution of the PDI chromophore is also observed in the corresponding excitation spectrum upon detection at 660 nm, which is the characteristic emission region for PDI. 43, 44 Upon selective excitation of the poly(fluorene) unit at 360 nm, a vibronically-structured emission band centred between 390-550 nm is detected, which is typical of the poly(fluorene) emission. 45 However, no emission from the PDI chromophore is observed, either upon indirect or direct excitation, suggesting fast non-radiative deactivation of the PDI excited state occurs in this solvent, possibly involving reversible electron transfer as previously reported. The undoped DU-CPE-0 and TU-CPE-0 hybrids present excitation-wavelength dependent emission spectra characterised by a broad band centred between 380-470 nm ( Fig.   2b and Fig. S1 (ESI), respectively), which is characteristic of ureasils. 36, 46 For both samples, the emission band is red-shifted to longer wavelengths with increasing excitation wavelength and an analogous trend is observed for the corresponding excitation spectra (Fig. S1, ESI) .
Steady-State Spectroscopic Characterisation
Each band can be deconvoluted in two separate components, which have previously been assigned to radiative recombination of donor-acceptor pairs mediated by one of two localised centres: (i) electron-hole recombination localised at oxygen defects in the siliceous nanoclusters and (ii) photoinduced proton transfer between the NH 2 + and the N -moieties of the urea linkages. 46, 47 Upon doping with PBS-PFP-PDI, the emission spectra of the DU-CPE-x and TU-CPE-x series, are dominated by the characteristic poly(fluorene) emission band ( Fig. 2c and   2d , and Fig. S2, ESI) . However, the contribution of the ureasil can also be identified by the broadening of the blue-edge of the emission band upon varying the excitation wavelength between 310-340 nm (associated with siliceous-based defects) and the red-edge upon excitation between 350-380 nm (urea-centred emission). This excitation-wavelength dependent broadening of the emission band has previously been assigned to excitonic coupling between the ureasil and CPE components in a related system. 34 We note that the emission maximum for the DU-CPE-x series is red-shifted (409 nm, ∆λ=2 nm) compared to that of PBS-PFP-PDI in solution, while for TU-CPE-x series the emission maximum is blue-shifted to 405 nm (∆λ=-2 nm). Previous studies have shown that due to the increased branching of the Jeffamine precursor, the tri-ureasil framework is less-condensed than the di-ureasil analogue, which leads to a reduction in the aggregation of conjugated polymer chains. 37 The observed shifts in the emission maxima are in agreement with this trend, and suggest that the incorporated PBS-PFP-PDI chains are more aggregated in the case of the DU-CPE-x series.
Due to the low on-chain incorporation, the contribution of the PDI chromophore to the emission spectrum is extremely weak, and can only be clearly isolated for the TU-CPE-x series upon selective excitation at 540 nm and by increasing the emission and excitation slits ( Fig. 2d and Fig. S2, ESI) . For the DU-CPE-x series measured under the same conditions, the PDI contribution is somewhat harder to isolate and exhibits a lower spectral resolution. The corresponding excitation spectra follow a similar trend for both series ( Fig. 2e and Fig. 2f , and The photoluminescence quantum yields (Φ PL ) were measured for each sample upon excitation at 360 nm. The Φ PL for the undoped DU-CPE-0 (6.3 ± 0.5 %) is in excellent agreement with the literature, 48 while for TU-CPE-0 the value is somewhat higher (15.7 ± 0.8 %), but still within the expected range for this class of materials. 49 In solution (water:1,4-dioxane, (1:1 (v/v))), PBS-PFP-PDI presents a Φ PL of 68.6 ± 1.2 %, which is also slightly higher than previous reports (Φ PL = 55%). 38 For the DU-CPE-x and TU-CPE-x series, the Φ PL values increase with the CPE concentration (from 42.3 to 60.5% and 39.8 to 51%, respectively), with the di-ureasil hybrids generally exhibiting a higher value for the equivalent concentration (Table 1) . Due to the nature of these samples, re-absorption and waveguiding effects are commonly encountered while measuring the Φ PL using an integrating sphere. 50 A correction for these effects has been performed using the method described by Ahn et al., 51 which leads to a 10-20% increase in the Φ PL values (Table 1) . We note that these values are comparable to those obtained for PBS-PFP-PDI in a good solvent, which is unusual as CPE typically exhibit a significantly Φ PL upon transfer to the solid state. [52] [53] [54] [55] This is attributed to an electronic interaction between PBS-PFP chain and the ureasil and subsequent trapping at localised radiative sites as previously observed for the parent CPE (see also time-resolved photoluminescence studies below). 34 The Φ PL of undoped ureasils has previously been shown to be related to the degree of hydrogen-bonding interactions between the urea groups on the organic backbone of the ureasil. 49 A reduction in the urea-urea interaction has been shown to lead to more efficient radiative relaxation associated with photoinduced proton transfer between donor-acceptor pairs located within the urea moieties. 49 Fourier transform infrared (FTIR) spectroscopy is a convenient tool for analysing hydrogen bonding interactions associated with the stretching of the C=O moieties in the urea groups, which are located within the Amide I spectral region (1600-1800 cm -1 ). 56 For the DU-CPE-x series, Gaussian deconvolution of the Amide I band results in three components, one ascribed to self-organised urea-urea interactions centred at 1637 cm -1 (Peak 1), and two ascribed to urea-polyether disordered interactions centred at 1663 cm -1 (Peak 2) and 1716 cm -1 (Peak 3) (Fig. 3 and Fig. S4, ESI) . 41, 48 The relative contribution and peak centres do not show any remarkable changes upon incorporation of the CPE at any of the concentrations investigated, indicating that the local structure of the di-ureasil network is preserved upon doping (Table S1 ). For the TU-CPE-x series, in addition to Peaks 1-3, Gaussian fits of the Amide I region reveal the presence of a contribution centred at 1771 cm -1 (Peak 4), which has previously been assigned to urea moieties not participating in hydrogen bonding (Fig. 3b) . 41 This supports the belief that the tri-ureasils contain a more open framework 36 and may indicate that the significantly higher Φ PL obtained for the undoped TU-CPE-0 sample is due to more efficient radiative recombination localised at the urea groups.
However, as the Φ PL values are generally higher for the DU-CPE-x series, this indicates that the urea-centred radiative pathway makes only a minor contribution to the total emission in the doped samples (for both di-and tri-ureasils), which is in agreement with the steady-state PL spectra where the PBS-PFP-PDI emission dominates. 
Time-resolved photoluminescence studies
Despite good spectral overlap between the emission spectrum of the PFP-PBS homopolymer and the absorption spectrum of PDI, and density functional theory (DFT) calculations confirming that the PFP-PBS and PDI units are electronically coupled in PBS-PFP-PDI, 38 the absence of emission from the PDI chromophore upon selective excitation of PBS-PFP suggests that CPE-centred FRET does not occur either in solution or upon incorporation within the ureasil waveguide. However, previous studies in our group have shown that ureasils themselves can behave as efficient excitation energy donors for both the PBS-PFP homopolymer 34 and perylenediimides. 32, 36 Picosecond time-correlated single photon counting (TCSPC) emission lifetime measurements were thus performed to further investigate the excited-state behaviour of the PBS-PFP-PDI-doped ureasils and to determine if electronic coupling between the host waveguide and luminophore is significant in this system. The measurements were performed by selectively exciting the ureasil/poly(fluorene-alt-phenylene) components (λ ex = 370 nm) or the PDI chromophore (λ ex = 466 nm), while monitoring the emission at 420 nm (PBS-PFP/purplish-blue emission from ureasil) and 500 nm (blue emission from ureasil).
Unfortunately, due to the weak emission, attempts to measure the decay curves at 600 nm (PDI emission) resulted in unsatisfactory signal-to-noise ratios and correspondingly poor fits ( Fig   S5, ESI) . The fluorescence decays were in general best fitted with a multi-exponential decay law of the form:
where α i and τ i are the pre-exponential factor and characteristic lifetime for component i, respectively. The data for DU-CPE-x and TU-CPE-x (λ ex = 370 nm, λ em = 420 nm) are summarised in Table 2 . Additional decay curves and the corresponding fitting parameters can be found in the ESI (Table S2 , Fig. S5, Fig. S6 , Fig. S7 and Fig. S8 ). resulting from Global analysis of the photoluminescence decays (λ ex = 370 nm) of CPE, DU-CPE-x and TU-CPE-x samples (λ ex = 420 nm). For the PBS-PFP-PDI copolymer in water:1,4-dioxane ((1:1 v/v)), the fluorescence decay observed at 420 nm can be resolved in three independent components: τ CPE1 ~0.03 ns, which is believed to include contributions from fast intra-/inter-chain energy migration and conformational relaxation on the PFP backbone, 57, 58 τ CPE2 ~0.55 ns, which is assigned to radiative relaxation associated with polymer clusters 59 and τ CPE3 ≈1.1 ns, which is attributed to radiative decay of isolated polymer chains. 60 The longer lifetimes, τ CPE2 and τ CPE3 , are somewhat longer than those previously reported for PBS-PFP-PDI in this solvent (~0.10 ns and 0.70 ns, respectively 38 ), but this is fully consistent with the higher Φ PL obtained here (~69% vs. ~55% 38 ). The emission decay curves for the DU-CPE-0 and TU-CPE-0 samples under the same measurement conditions (Fig. 4a ) also exhibit three discrete exponential functions: τ U1 < 1 ns, τ U2 ≈2.5-4.9 ns and τ U3 ≈10-14.5 ns. 34 The average lifetime, <τ>, is longer for TU-CPE-0 (~8.3 ns) than for DU-CPE-0 (~4.8 ns), which is in agreement with the higher Φ PL . Moreover, as the detection wavelength is changed from 420 nm to 500 nm, <τ> increases to 8.8 ns for TU-CPE-0 and 5.9 ns for DU-CPE-0. This behaviour (and the relative amplitudes of the three lifetime contributions at each detection wavelength) reflects the spectral dependence of the two components responsible for the ureasil emission: at 420 nm the largest contribution to the emission originates predominantly from the siliceous domains (τ U1 ), which switches to the urea-centred emission at 500 nm (τ U3 ). 34 The emission decay curves and corresponding fits for DU-CPE-x and TU-CPE-x obtained upon excitation at 370 nm and detection at 420 nm are presented in Fig. 4b and 4c , respectively. Each decay curve can be modelled with two lifetime components, with the exception of DU-CPE-02 and TU-CPE-02, which both require three.
All samples exhibit an intermediate lifetime (τ 2 ) of ~0.50-0.55 ns which provides the largest contribution to the emission decay (α 2 ). Due to the large spectral overlap between the emission of PBS-PFP-PDI and the emission of the ureasil at 420 nm, it is hard to unambiguously assign this lifetime to a single component, since it is of the same order of magnitude as both the shortest lifetime component of ureasil (τ U1 ) and the contribution ascribed to radiative relaxation associated with clusters of polymer chains (τ CPE2 ). Detailed examination of the relaxation kinetics in a related PBS-PFP-di-ureasil system has previously suggested that strong electronic coupling between the CPE and siliceous-based ureasil centres results in efficient excitation energy shuttling between the two species. 34 The predominance of the intermediate τ 2
component in the present PBS-PFP-PDI-ureasil systems suggests that a similar effect operates here.
For DU-CPE-02, an additional short-lived component (τ 1 = 0.029 ns) was isolated, which is reminiscent of τ CPE1 (on-chain/intrachain excitation migration and/or conformational relaxation). Since this contribution can only be resolved for DU-CPE-02, it may suggest that the PBS-PFP-PDI is present in isolated pockets within the ureasil. A similar characteristic is observed for TU-CPE-02, where τ 3 (1.050 ns) is in good agreement with τ CPE3 , and a third, longer lived component, τ 4 = 8.10 ns is observed, which is reminiscent of the longest ureasil lifetime (τ U3 ), suggesting again that the PBS-PFP-PDI and ureasil species emit discretely in this sample. However, a medium-long lifetime component, τ 3 ~1-6 ns, is also present in all samples, which varies with the PBS-PFP-PDI concentration and corresponds to the same timescale as both τ CPE3 and τ U2 . For the DU-CPE-x series, τ 3 decreases with increasing PBS-PFP-PDI concentration, from 1.6-1.2 ns. For the TU-CPE-x series, τ 3 first increases, then decreases with concentration, but is significantly longer than for the di-ureasil series at the same concentration (e.g. τ 3 = 5.4 ns and 1.5 ns for TU-CPE-04 and DU-CPE-04, respectively).
As described above, we have previously showed that a di-ureasil matrix can behave as an active host for the PBS-PFP homopolymer, where efficient energy transfer from both the siliceous and the urea domains of the di-ureasil donor to the PBS-PFP acceptor leads to a general increase in the Φ PL of the system. 34 It is tempting to suggest that a similar mechanism is responsible for the general decrease of τ 3 with increasing CPE concentration observed here for both DU-/TU-CPE-04 and DU-/TU-CPE-08. However, this hypothesis is not consistent with the corresponding α values, which remain essentially unchanged in both series at these concentrations.
The decay curves collected at λ em = 500 nm (λ ex = 370 nm) can be fitted with three components, with the exception of DU-CPE-02 which requires a fourth term (τ 4 ~7 ns), reinforcing our hypothesis of poor coupling between the ureasil and the CPE at this concentration (Table S2 , Fig. S6 and Fig. S7, ESI) . For each di-ureasil sample three contributions can be isolated; τ 1 ~20-40 ps, which is reminiscent of the short-lived CPE component (τ CPE1 ), τ 2 ~0.6 ns which can be ascribed to the combination of the ureasil (τ U1 ) and the CPE (τ CPE2 ), and τ 3 ~1.4-4.1 ns, which arises from a combination of the longer-lived ureasil contributions (τ U2 and τ U3 ) and emission from isolated CPE chains (τ CPE3 ). Similarly, τ 2 ~0.6 ns and τ 3 ~1.5-2.1 ns can be identified for the TU-CPE-x samples, while a third decay term (τ 4 ~8.8-10.4 ns) is reminiscent of τ U3 and is observed at all PBS-PFP-PDI concentrations. The general increase in the lifetimes observed at this emission wavelength predominantly originates from the ureasil emissive centres localised within the urea domains, which dominate at 500 nm. Although at this emission wavelength there is still some overlap between the PBS-PFP-PDI and ureasil emission, the semi-selectivity of this region for this emissive component of the ureasil can provide further insight. For DU-CPE-x, a short lifetime contribution (τ 1 ) that is characteristic of the CPE (τ CPE1 ) can now be isolated at all investigated concentrations. As the PBS-PFP-PDI concentration is increased, a concomitant increase in both τ 2 and α 2 is observed, which is accompanied by decrease in the longest lifetime and associated pre-exponential factor (τ 3 /τ 4 decreases from ~10.9 ns to 3.6 ns, Table S2 , ESI). For TU-CPE-x, the short τ 1 is absent, but the same trend in the decrease longest lived lifetime component is observed with increasing PBS-PFP-PDI concentration (τ 4 decreases from ~14.0 ns to 8.8 ns, Table S2 , ESI). A few hypotheses can be proposed from these trends. Firstly, the observation of τ 1 for DU-CPE-x but not TU-CPE-x supports the supposition that PBS-PFP-PDI shows a stronger tendency to form aggregated clusters in the di-ureasil host, as indicated by the red-shift in the emission maximum. As such, the probability of on-chain excitation energy migration is enhanced. 29 Si magic-angle spinning nuclear magnetic resonance (MAS-NMR) studies have previously revealed that the tri-ureasil framework is generally less condensed and more open than that of di-ureasils. 36 Moreover, the higher weight ratio of inorganic silica component to organic poly(ether) chains in the tri-ureasils compared to the di-ureasils imparts a greater rigidity to the network of TU-CPE-x samples, which can also be observed macroscopically (e.g. TU-CPE-0 is rigid and hard to bend, while DU-CPE-0 is flexible). These features, coupled with the absence of τ 1 and the blue-shift in the emission maximum suggest that PBS-PFP-PDI is welldispersed within the tri-ureasil host, facilitating excitation energy migration between the two components. Secondly, the longest lifetime component (and associated pre-exponential factor) with increasing CPE concentration for both DU-CPE-x and TU-CPE-x, supports our previous assignment of thermally-assisted excitation energy from NH-centred trap states to isolated CPE chains in these systems.
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Performance of PBS-PFP-PDI-ureasils as luminescent solar concentrators?
Our goal for this study was to elucidate if the combination of the photoactive ureasil waveguide with the PBS-PFP-PDI luminophore, which contains intramolecular donor-acceptor chromophores, could improve the performance of the resultant LSC, either by extending the light-harvesting window, facilitating energy transfer cascades between the various species or a combination of the two effects. While time-resolved emission studies confirmed efficient energy transfer between the ureasil host and the PBS-PFP chains, sensitisation of the PDI chromophore, either through on-chain energy transfer or from the ureasil, was not detected.
The energy transfer cascade thus appears to stop at the blue-emitting components. However, as direct sensitisation of the PDI emission was observed upon incorporation of PBS-PFP-PDI in the ureasil, DU-CPE-08 and TU-CPE-08 were fabricated as large slabs (4 cm × 4 cm) to measure their performance as LSCs (Fig. 5) . In addition to containing the highest PBS-PFP-PDI wt%, these samples also exhibit the highest Φ PL for each series.
The performance of an LSC is generally quantified by the optical conversion efficiency 
The mean optical power spectra emitted by the four edges of each LSC under dark (absorbing) background conditions for DU-CPE-08 and TU-CPE-08 and the corresponding undoped ureasils are presented in Fig. 5d . The optical power output profiles of both DU-CPE-08 and TU-CPE-08 are characterised by a strong band arising from the poly(fluorene) portion of the CPE (380-550 nm) and a weaker band ascribed to the PDI chromophore (600-700 nm). In contrast, the undoped samples exhibit a much weaker emission. The optical conversion efficiencies obtained for DU-CPE-0 ( /01 = 1.6 ± 0.1%) and TU-CPE-0 ( /01 = 1.3 ± 0.3%) are comparable to those previously observed for undoped di-ureasils. 32 Incorporation of the PBS-PFP-PDI luminophore results in a modest increase in /01 to 2.4 ± 0.4% for DU-CPE-08 and 1.8 ± 0.1 % for TU-CPE-08, respectively. As expected, substitution of the absorbing background with a scattering background results in a significant increase in /01 for all samples to 5-6% (Table 2) . Lower optical efficiencies are obtained for the TU-CPE-08 system, which is consistent with its lower photoluminescence quantum yield.
One of the major limitations of this system is the degree of on-chain substitution with the PDI chromophore, which is extremely low (~1-2%). Despite the good spectral overlap, this inhibits efficient energy transfer from the PBS-PFP unit and/or the ureasil. Furthermore, significant emission in the red spectral region cannot be obtained even through direct excitation of the PDI unit due to its small contribution. Clearly, an increase in the percentage of on-chain PDI units in the CPE itself is thus required to counteract these constraints. To mimic this effect (without the need for significant synthetic efforts), a model system was created by mixing the PBS-PFP polymer with the perylene bisdiimide dye Lumogen F Red 305 (LR305) in solution.
The model system was designed to contain an amount of LR305 equivalent to 4 times as much as that contained in PBS-PFP-PDI and was incorporated into a di-ureasil matrix (DU-PBS-LR305) at the same concentration used for DU-CPE-08. We note that this sample is not intended to represent a direct comparison between DU-CPE-08 and DU-PBS-LR305, but rather to provide a simulation of the potential of this system if the number of on-chain PDI units in the CPE were increased. A reference sample containing only the same amount of LR305 was also prepared (DU-LR305). As expected, incorporation of a higher ratio of the PDI component leads to a significant increase in the optical efficiency of the LSC (from 2.4 ± 0.4% to 6.2 ± 0.3% with an absorbing background and to 13.1 ± 0.5% with a scattering background). PBS-PFP-PDI within the ureasil host enables emission from the PDI chromophore to be isolated, which is not observed in solution, and is attributed to the elimination of a non-radiative decay channel within the solid-state environment. This effect is more evident in the TU-CPEx series, which exhibits a more open and distorted internal framework which facilitates more effective dispersion of the polymer chains, and a more rigid macroscopic structure which hinders vibrational relaxation. Although, the emission primarily originates from the PBS-PFP species (~400-500 nm) in both the DU-CPE-x and TU-CPE-x series, the excitation energy dependence and red-and blue-edge band broadening are indicative of the ureasil contribution. This is supported by the emission decay dynamics, which demonstrate that above a minimum concentration, there is intimate mixing of the two components, leading to efficient electronic coupling and energy transfer from both the siliceous and urea domains of the ureasil host to the PBS-PFP chromophore. For both series, the emission primarily originates from a lifetime component of ~500-600 ps, which has previously been attributed to radiative trap sites associated with the CPE. 34 This lifetime component is, on average, slightly longer for the DU-CPE-x series, which is consistent with its higher photoluminescence quantum yield. However, both DU-CPE-x and TU-CPE-x exhibit excellent solid-state Φ PL , which approach values (50-60%) close to those obtained for PBS-PFP-PDI in a good solvent. We note that while these values are high for CPEs in the solid-state, the ideal luminophore for a LSC should exhibit a Φ PL closer to unity, 8 and our future work will be focussed at addressing this challenge.
Our initial goal with this study was to determine if the photoactive ureasil could be utilised as both a waveguide and light-harvesting/energy donor component to fabricate efficient
LSCs. Unfortunately, as PBS-PFP essentially functions as a radiative trap site and further energy transfer to the PDI chromophore is inhibited, this prevents the anticipated benefits of the energy transfer cascade and the obtained optical efficiencies of the resultant LSCs are modest. However, the degree of on-chain incorporation of the PDI chromophore in the present system is low (~1-2%) and one could envisage that by increasing the effective content of PDI within the polymer, the energy transfer efficiency would improve. This scenario was simulated by preparing analogous LSCs, which contained the same effective PBS-PFP dopant wt%, blended with LR305 at four times the on-chain concentration of the PDI unit. This led to a three-fold increase in the optical efficiency of the LSC, suggesting this may be a viable approach to facilitate continuation of the energy transfer cascade.
The results suggest that ureasil-based organic-inorganic hybrids still have much to offer as waveguides for LSCs in diverse constructs. Their ease of processability using solution-phase chemistry offers huge potential for the fabrication of more unusual device architectures.
Moreover, the ureasil framework effectively isolates π-conjugated luminophores, inhibiting aggregation induced quenching, thus ensuring high photoluminescence quantum yields in the solid-state. Ureasils are therefore valuable alternatives to the traditional base of poly(methyl methacrylate)-type waveguides in which these challenges are frequently encountered.
However, it is clear that a step-change improvement in LSC performance will require consideration of the luminophore and waveguide components in tandem, and not as discrete entities. Advances in the design of new optical hybrid materials will clearly play a significant role in bringing LSC technology to the commercial market.
